ABSTRACT: To investigate the potential role of microzooplankton as trophic links in the Lower St. Lawrence Estuary (LSLE, ca 48° 50' N, 68° 10' W), the importance of ciliate carbon biomass (CilC) was evaluated in relation to bacterial (BactC), phytoplankton (PhytoC), and particulate organic (POC) car bon, from May to September 1992. These variables generally peaked in the upper 10 m of the water column. Their seasonal peaks occurred in June and July when water tem perature and stratification index were at their highest levels. CilC averaged 22, 8, and 4% of BactC, PhytoC, and POC, respec tively. Com pared to bacteria, ciliates appeared able to respond more rapidly to an increase in phyto plankton biomass, and were under higher predation pressure. Ciliates were dominated by individuals with sizes (19 to 187 pm) up to 15 times larger than that of the blooming diatoms. Direct observations revealed protozoan individuals with up to 10 ingested bloom-forming algal cells within their body. Microzooplankton grazing rates (estimated in July 1992 using a dilution technique) in unscreened water samples from the depth of maximum chlorophyll a concentration represented up to 70% (mean ± SD = 54 ± 21%) of the phytoplankton growth rates. Microzooplankton grazing rates in prescreened (<160 pm) water samples were up to 60% higher than in unscreened samples. We conclude that this was due to the removal of a substantial fraction of herbivorous micrograzers by m etazoan Zooplankton present in unscreened samples, though the phytoplankton assemblage was in a blooming state. These results thus suggest that herbivory by microzooplankton can enhance trophic transfer from the micro bial food web to higher trophic levels in the LSLE. This may explain the apparent paradox of low annual algal production and large standing stock of metazoan Zooplankton in this environment.
INTRODUCTION
Even though the role of ciliated protozoan assem blages as primary or indirect food sources for fish has been known for some time (Ryder 1881) , their potential importance as key intermediates in aquatic food webs has only com e to light relatively recently (Porter et al. 1979 , Sherr & Sherr 1984 . Attention has focused more ■ E-mail: simengando@cicc.univ-bpclermont.fr recently on their roles as (1) grazers of bacteria (Rivier et al. 1985 , Sherr & Sherr 1987 , autotrophic picoplankton (Bernard & Rassoulzadegan 1993) or microalgae (Verity 1991) ; (2) agents of nitrogen (Paasche & Kris tiansen 1982 , Ferrier-Pagès & Rassoulzadegan 1994 and phosphorus (Allah et al. 1994) regeneration; (3) mixotrophic primary producers (reviewed by Dolan 1992) ; (4) food sources for metazoan Zooplankton (Stoecker & Egloff 1987 , Wiadnyana & Rassoulzadegan 1989 , Jonsson & Tiselius 1990 , Dolan 1991a , Hartmann et al. 1993 ) and fish larvae (De Mendiola 1974) ; (5) con tributors to scattering of light, which has significant implications for remote sensing (Morel & Ahn 1991) ; and (6) regulators of the rate of bacterial re mineralization of sinking particles (Silver et al. 1984) . A few attempts have been made to analyze and com pare relationships of planktonic ciliates to other com ponents of the trophic structure in both freshwater (Amblard et al. 1993 (Amblard et al. , 1994 and marine (Rassoulzade gan et al. 1988 , Dolan & Coats 1990 , Sieracki et al. 1993 , Verity et al. 1993c , Stoecker et al. 1994 ) eco systems.
The maritime portion of the St. Lawrence Estuary, often called the Lower St. Lawrence Estuary (LSLE), is characterized by high salinities (>25 psu) and pro nounced stratification during summer (El-Sabh 1988 , El-Sabh & Silverberg 1990 . Standing stocks of bacte ria (Painchaud & Therriault 1989 ) and large-sized metazoan Zooplankton (Runge & Simard 1990) in this region are as high as in other coastal waters in the northwest Atlantic. Metazoan Zooplankton in the LSLE are typically dominated by large copepods and euphausiids, while small species are unusually low in number (cf. Fig. 3 in Runge & Simard 1990) . Fish larvae are also diverse and abundant in the LSLE (De La fontaine 1990), suggesting an efficient trophic transfer from the lower to the higher trophic levels (Ryther 1969 , Cushing 1971 .
High flushing rates and strong stratification during the spring freshet are thought to delay the phytoplank ton bloom until early summer in the year-round nutri ent-rich LSLE (Therriault & Levasseur 1985) . Because of the relatively short phytoplankton bloom period (i.e. June and July), the annual primary production range in the LSLE (31 to 134 g C m"2 yr~l) is at the low end of those of similar estuaries (60 to 500 g C m '2 yr-1) in temperate regions in the northern hemisphere (see comparative Table in Therriault & Levasseur 1985) . Furthermore, the phytoplankton bloom in the LSLE is made up of small diatoms (<25 pm) belonging to the genera Skeletonem a, Thalassiosira and C haetoceros (Levasseur et al. 1984) , which are likely to be an in adequate prey source for dominant large metazoans. Comprehensive reviews on the ecology of phytoplank ton (Levasseur et al. 1984 , Therriault & Levasseur 1985 , Therriault et al. 1990 ) and Zooplankton (Runge & Simard 1990) in the LSLE are available.
The above comparisons betw een metazoan Zoo plankton and phytoplankton imply that microzoo plankton may be important in the trophic transfer from phytoplankton to fish in the LSLE. We hypothesize that in this environment, ciliated protozoa play a major role as trophic links betw een phytoplankton and metazoan Zooplankton. This hypothesis is partly supported by the facts that ciliates (1) are sometimes dominated by large individuals (>50 pm) in marine waters (Sime- Ngando et al. 1992) ; (2) are rarely or never limited by food availability in neritic waters ; and (3) may be preferred over algae as a food source by metazoans in estuarine (Robertson 1983 , Gif ford & Dagg 1988 , marine (Wiadnyana & Rassoulzade gan 1989 , Stoecker & Capuzzo 1990 ) and freshwater (Hartmann et al. 1993) environments. Recently, Ohman & Runge (1994) suggested that heterotrophic microplankton -including ciliates and dinoflagellates presumed to be heterotrophic -may be the main prey resource for net lipid synthesis and egg production for the dominant copepod (i.e. Calanus finmarchicus) in the low-chlorophyll waters of the nearby Gulf of St. Lawrence, in late June and early July.
As a first step in evaluating the above hypothesis on the major role of microzooplankton as trophic link in the LSLE, we undertook a multidisciplinary investiga tion of physical and biological processes in the upper water column of this area. We were particularly inter ested in the trophodynamics of microplanktonic organ isms and particulate organic matter. Here we report on the spatial distribution of planktonic ciliate biomass from May to September 1992, and their relationships with bacterial, phytoplankton, and particulate organic carbon. In addition, we measured the grazing rates of microzooplankton in the plankton community of July 1992, using the dilution technique of Landry & Hassett (1982) .
METHODS
Located in a temperate-subarctic climate between 47° and 49° N, the St. Lawrence Estuary links the St. Lawrence River to the Gulf of St. Lawrence, which sep arates the estuary from the North Atlantic proper by a distance of about 1000 km (Fig. 1) . The 350 km long estuary is divided into 2 natural parts by a 50 m deep sill, which isolates the 350 m deep and stratified Lower Estuary from the shallow (<100 m) and partially mixed Upper Estuary (Runge & Simard 1990) . Sampling was conducted at 6 stations (except in May, when only 4 stations were visited) along 2 transects crossing the LSLE during the last weeks of May, June, July and September 1992 (Fig. 1, Table 1 ). These stations are located in the region of the freshwater plume of 2 major rivers on the north shore of the LSLE, the Manicouagan and Aux-Outardes Rivers, which are respon sible for the stabilization of the surface water column all year round. This region, often called the plume region, is the most productive area of the whole St. Lawrence Estuary because of the mixing of surface waters with nutrient-rich waters upwelled and advected from upstream regions (Therriault & Levasseur 1985) . Using a rosette sampler equipped with a Guildline digital CTD, a Seatech transmissometer and 5 1 Niskin bottles, vertical profiles of water temperature, salinity and turbidity were determined from 0 to 150 m (except at Stn 3, from 0 to 60 m) and water was collected at 4 or 5 depths (usually at 1, 5 and/or 10, 25 and 70 m). The vertical profile of irradiance in the water column was determined with a 2n submarine photometer (Kahl Scientific Instrument, model 268WA300). Subsamples were first drawn from each Niskin bottle for the deter mination of dissolved ammonium and bacterial abun dance. Niskin bottles were then emptied into individ ual dark plastic carboys, which were kept at the ambient cold temperature of the wet laboratory.
Ammonium was determined on filtered seawater (Whatman GF/F filter) by the alternative method described in Parsons et al. (1984) . Various measure ments of seston, phytoplankton, bacteria and ciliated protozoa were then performed on the water samples.
Two 250 ml subsamples were filtered onto com busted Whatman GF/F filters which were stored frozen in a desiccator for later determination of particulate organic carbon (POC) using a Perkin Elmer® elemental analyzer (Sharp 1974) . Chlorophyll a (chi a) was deter mined fluorometrically (Yentsch & Menzel 1963 , HolmHansen et al. 1965 ) following retention of particles from 250 ml samples on 0.4 pm polycarbonate Poretic filters, and extraction in 90% acetone in the dark and under refrigeration for 24 h. Phytoplankton carbon bio mass (PhytoC) was derived from chi a and POC mea surements as suggested by Sakshaug et al. (1983) . The relative contribution of heterotrophic organisms and detritus to POC was estimated from least-squares linear regression analysis of the relationship between POC and chi a. The y-intercept was taken as a mea sure of the POC attributable to heterotrophs and detri- Table 1 . Coordinates of sampling sites (cf. Fig. 1 tus and was subtracted from total POC in order to cal culate the phytoplankton C.chl a ratios (Sakshaug et al. 1983) . To account for differences in carbon compo sition due to differences in species assemblages, an independent regression analysis was conducted for each cruise (Table 2) . Subsamples were preserved with acidic Lugol's solu tion (Throndsen 1978) for phytoplankton identification and enumeration (Lund et al. 1958) . The abundance of small phytoplankton (<3 pm) was not determined.
To preserve bacteria, 20 ml samples were fixed with buffered, alkaline formaldehyde (final concentration 3% v/v, from commercial formaldehyde 40%). Sub samples (2 to 5 ml) were treated with 4',6-diamidino-2-phenylindole (DAPI) (Porter & Feig 1980) and filtered onto 0.2 pm pore-size black polycarbonate filters, using 1.2 pm pore-size cellulose acetate backing filters to obtain a uniform distribution of cells. Filters were mounted between a slide and glass cover slip with a nonfluorescent immersion oil prior to examination by epifluorescence microscopy. At least 500 bacterial cells were counted and sized with a micrometer in 20 to 50 fields as previously described (cf. . A blank was routinely examined to control for contamination of equipment and reagents. Bacterial carbon biomass (BactC) was calculated with the estab lished equation Y = 8 8 .6 X 059, where X denotes mean cell volume (pm3) per sample and Y denotes cell pro tein (fg), with the CLprotein ratio being 0.86 (Simon & Azam 1989) . It is important to note here that there is a possibility of overestimation of numbers and biomass of bacteria by direct counts of cells stained with DAPI, which is a double-stranded DNA stain. The same observation can be made with the fluorochrome acridine orange, which binds to both DNA and RNA and appears to also stain other structures in the cell (e.g. Table 2 . Least-squares regression statistics betw een chloro phyll a (chi a) and particulate organic carbon (POC) concen tration (POC = Slope X chi a + POC-int.) in the Lower St. Lawrence Estuary during its late spring/early autum n devel opment, 1992. Following the method of Sakshaug et aí. (1983) , POC-int. was taken as a measure of the POC attribut able to heterotrophic organisms and detritus and was sub tracted from total POC in the calculation of C:chl a ratios for each sampling month, n: num ber of data points; SE: standard error on slope the cell wall), resulting in a better estimation of bacterioplankton numbers and average cell volume than the DAPI staining method (Suzuki et aí. 1993) . Indeed, a recent study by Zweifel & Hagström (1995) indicated that a substantial fraction (up to 98%) of marine bacte rial total counts derived from unspecific fluorescent staining techniques may be comprised of non nucleoid-containing 'bacterial cells', which are really detrital 'ghosts'. To preserve ciliates, 250 ml samples were fixed with basic Lugoi solution (final concentration 0.5% v/v) and ciliates were counted by Utermohl's inverted micro scope method (Sime-Ngando et al. 1990) , following sedimentation of 100 to 200 ml subsamples for 24 h. All samples were counted within 4 mo, because of signifi cant loss occurring during longer storage (SimeNgando & Grolière 1991) . At least 200 cells of each representative taxon were counted in 1 or, if necessary, several subsamples (except in a few of the deepest samples) and identified to genus by consulting several taxonomic references (Marshall 1969 , Corliss 1979 , Small & Lynn 1985 . Ciliate biomasses were calculated from the mean cell volume of each taxon, which was determined from measurements on enlarged phasecontrast micrographs. The carbon biomass (CilC) was then estimated according to Putt & Stoecker (1989) , assuming that 1 pm3 = 0.19 pg C.
Microzooplankton grazing rates were measured by conducting seawater dilution experiments at the depth of chi a maximum for all survey stations in July 1992. The method and assumptions of the seawater dilution technique have been described by Landry & Hassett (1982) . Each experiment consisted of a series of 4 dilu tion treatments, each in duplicate (for a total of 8 different bottles), consisting of natural and filtered (0.2 pm pore-size polycarbonate filters) seawater mixed in acid-cleaned, demmeralized, water-rinsed, 2 1 polycarbonate bottles in the ratios 1:0 (100% natural seawater); 3:1 (75%), 1:1 (50%), and 1:3 (25%). Bottles were adjusted to light intensities corresponding to sampled depths with layers of neutral density screen and incubated for 24 h in Plexiglas incubators cooled with flowing surface seawater. Nutrient depletion dur ing incubations was considered unlikely due to the general high ambient nutrient levels throughout the year in the LSLE (Therriault & Levasseur 1985 , Therri ault et al. 1990 ; therefore neither N nor P was added. At Stns 1 and 5, 2 sets of dilution experiments with unscreened and <160 pm prescreened (i.e. with only microzooplankton present) seawater were conducted. An additional experiment was done with 70 m deep seawater at Stn 6 to examine vertical variations in microzooplankton grazing rates.
The apparent growth rates of phytoplankton were calculated from the equation S, = S0e|Jt~9li, where S denotes the phytoplankton standing stock measured from chi a at the beginning (S0) and the end (S,) of the incubations, k the instantaneous coefficient of phyto plankton growth, g the instantaneous coefficient of phytoplankton mortality considered as microzooplank ton grazing rate, and t the time interval between the beginning and the end of the incubations (i.e. 24 h) (Landry & Hassett 1982) . Coefficients k and g were determined from least-squares linear regression analy sis of the relationship between the rate of change of chi a and the fraction of natural seawater. Clearance rate estimates were calculated by dividing microzoo plankton grazing coefficient estimates by initial densi ties of microzooplankton, i.e. ciliates (from inverted microscopical counts) and heterotrophic microflagellates (>20 pm, including dinoflagellates; from epifluorescence microscopical counts). Heterotrophic nanoflagellates (<20 pm) were not taken into account in the calculation of clearance rate estimates because they are generally hypothesized to feed on bacteria. BactC, CilC, PhytoC and POC were tested using analysis of variance (ANOVA) for differences between sampling months, stations, and depths. The null hypo thesis was that no differences existed among mean values of the biological variables between sampling months, stations or depths, nor interactions among these 3 factors. Main effects and first-order interac tions were tested using a 3-factor ANOVA associated with a factorial plan without replication (Sokal & Rohlf 1981) . All 3 factors are assumed to have fixed effects on biomasses. Because only 1 measurement was made for each combination of the 3 factors (i.e. absence of repli cates), main effects and first-order interactions can be tested, whereas the second-order interaction does not exist, its effect being always nil. Biomass data were log-transformed to meet the assumptions of the analy sis of variance.
Other statistical treatments consisted of linear corre lation (Pearson correlation coefficient) and leastsquares regression analyses to establish the relation ships between variables. When necessary, data were log-transformed to meet the normality assumption of least-squares regression analysis (Ricker 1973) . To compensate for inherent bias in log-transformed equa tions, correction factors were calculated (CF = antilog 1.1513 X RMS, where RMS is the residual mean square of the regression) (Neyman & Scott 1960) . To account for the possibility of underestimating the regression coefficient (or slope) when there was error in the inde pendent variable, a model II or geometric mean slope was calculated as recommended by Ricker (1973) , when seeking functional relationships.
Path analysis (Sokal & Rohlf 1981 ) was used to explore causal relations between a physical variable (water temperature) and the biomasses of bacteria, cil iates, and microalgae. Path analysis is an extension of multiple linear regression where hypotheses as to causal relations among variables can be assessed (Sokal & Rohlf 1981 . To do so, linear equations were written in order to specify the causal order among variables. In Fig. 6 , for exam ple, these equations are: PhytoC = p ia temperature; BactC = p 2atemPerature + PzbPhytoC; CilC = p 3a temperature + p3bBactC + p 3rPhytoC.
Path coefficients p are then estimated by multiple regressions on standardized variables. Path analysis was executed with the R package for multivariate data analyses of Legendre & Vaudor (1991) . The coefficients p are interpreted in terms of their signs and relative magnitudes, rather than their individual statistical sig nificance (Sokal & Rohlf 1981) .
RESULTS

Hydrography
The mean hydrographic conditions illustrated the typical seasonal forcing of the LSLE in summer (El Sabh 1988 , El Sabh & Silverberg 1990 , with relatively small changes in the physical environment between sampling stations (Fig. 2) . Warming (~ 1.2-fold increase in water temperature) and significant stratification of the water column (defined as the difference between oT 30 m and oT 1 m) were observed in June and July, associated with relatively low salinity (-28.4 psu in June and July), which increased (to 29.2 psu) with Sep tember cooling. The mixed layer depth (defined as the depth where Agt m"1 > 0.2 as in Therriault & Levasseur 1985) and the euphoric layer depth (1% surface light intensity) progressively increased during the sampling period. The mean depth of the euphotic layer in June and July was greater than the mean depth of the mixed layer (Fig. 2) , a situation which is generally favorable to phytoplankton growth.
Species com position
Ciliated protozoan populations in the LSLE were dominated by members of the subclass Choreotrichia (orders Choreotrichida and Oligotrichida). This agrees with results from most open ocean (e.g. Sime-Ngando et al. 1992 ) and coastal (Smetacek 1981 , Dolan 1991a Therriault & Levasseur (1985) . Lines on bars represent the standard error of the mean, i.e. the variability between stations; n. 
Standing stock
Ciliate abundance (CilA) at the survey stations ranged from 240 to 19040 cells 1 "\ and carbon biomass (CilC) from 0.2 to 51.6 pg C I"1 (Table 3) . Integrated to 70 m depth, CilA peaked in June at Stn 5 along with the mean water-column temperature, while CilC peaked at Stn 6 in May, coincidentally with the maxi mum values in chi a concentration and the derived PhytoC and POC (Table 4) . Variables under study were significantly and positively intercorrelated, ex cept for relationships between (1) chi a, PhytoC, and POC with water temperature; (2) CilA and bacterial abundance (BactA) with POC; (3) CilA with chi a-, and (4) CilA and CilC with bacterial carbon biomass (BactC), which were not statistically significant (Table 5 ). On average, integrated variables peaked in June (for BactA, CilA, and CilC) or July (for BactC, chi a, PhytoC, and POC) ( Table 4) .
Temporal and spatial variability
Analysis of variance indicated that sampled stations were not significantly different each from other (for all biomass variables), while significant differences were indicated among sampling months as well as among sampled depths (for BactC, CilC, PhytoC and POC). In addition, there was a significant month-by-depth inter action (for BactC, PhytoC and POC) while no signifi- Table 3 Table 4 ) under study, df = 20, r = 0.42' for p < 0.05, r = 0.53" for p < 0.01, r = 0.65 " ' for p < 0.001; ns: not significant. Acronyms as in Table 3 BactA (Table  6 ). Accordingly, biological data sets (i.e. BactA, BactC, CilA, CilC, chi a, and POC) for each sampling month were pooled and treated as replicates in the vertical profiles presented in Fig. 4 . During the study period, these biological variables generally peaked in the upper 10 m of the water column (and decreased with depth, except in September when differences between surface and deep waters were generally less pronounced) and exhibited highest seasonal concentrations in (Fig. 4) .
Relationships with phytoplankton
Linear least-squares regression analyses showed positive and significant relationships between PhytoC and BactC, as well as between PhytoC and CilC. Model I slopes were substantially less than 1 in both cases, while model II slopes were at about 1 for PhytoC versus BactC, and at 0.81 for PhytoC versus CilC. In both models, the slope of the regression line linking PhytoC to BactC was greater than that linking PhytoC to CilC (Table 7) .
The ratios of CilC:PhytoC and BactC:PhytoC in creased with decreasing PhytoC (Fig. 5) to maximum values of 1.9 and 5.0, respectively. The maximum ratio of CilC:PhytoC corresponded to a PhytoC level of 4 pg C F 1 (= 0.09 pg chi a L1), which is 2-fold higher than the PhytoC level (~2 pg C L 1 or 0.04 pg chi a I"1) corre sponding to the maximum BactC:PhytoC ratio. As com pared to the log-log relationship between CilC:PhytoC Table 7 Linear regression statistics for the relationships be tween bacteria and ciliates versus phytoplankton. All values were log-transformed. Predictions converted to arithmetic scale must be multiplied by CF, the correction factor. The model II (geometric mean) slope is provided as an estimate of the functional slope when there is error in the independent variable. In all cases, n = 92 and p = 0.0001. Acronyms as in Table 3 ratios and PhytoC (Fig. 5A) , the scattering of log-trans formed data for the BactC:PhytoC ratios versus PhytoC plot exhibited 2 different patterns depending on sea son. At similar PhytoC levels, BactC:PhytoC ratios were higher in June and July than in May and Sep tember (Fig. 5B) , implying an accumulation of bacterial biomass during the phytoplankton summer growing season. 
Path analysis
Path analysis was used to evaluate the importance of direct links between mean water-column temperature and integrated BactC, CilC, and PhytoC (Fig. 6 ). All significant path coefficients were positive, and showed
R elationships with particulate organic carbon
From May to July, BactC, CilC, and PhytoC were sig nificantly correlated with POC, and accounted for 1-19, 3-6 and 53-86% of POC, respectively (Table 8) . However, BactC, CilC and PhytoC together con tributed more than 100% of POC in June. This pro vides evidence that traditional measurements of par ticulate matter retained on combusted GF/F filters (-0.7 pm porosity) could underestimate the total amount of planktonic particles. In September, BactC was significantly correlated with POC, while the slopes for the regressions of CilC and PhytoC versus POC were not significantly different from zero. This indi cates that bacteria represented 3% of POC in Septem ber while ciliate and phytoplankton did not signifi cantly contribute to POC. Overall, BactC, CilC and PhytoC represented 16, 4 and 72% of POC (Table 8) . Table 3 oriented links from temperature to CilC and BactC, and from PhytoC to CilC and BactC. The links from temperature to PhytoC and from CilC to BactC were not significant, so the path coefficients for these links are not shown here. The highest path coefficient was from PhytoC to CilC (0.87, p < 0.001).
Grazing impact
Micrograzer assemblages were mostly constituted of ciliated protozoa (IO3 to IO4 cells I"1) with sizes up to > 15-fold larger than the size of the dominant diatom prey (see species composition; Fig. 3 ). Natural samples used for the dilution experiments also contained het erotrophic microflagellates (IO2 to IO3 cells I'1, mostly represented by dinoflagellates), and metazoan Zoo plankton (dominated by calanoid copepods, ~102 ind. I"1). Direct observations under the microscope revealed some protozoan cells with up to 10 ingested diatom cells within their body. One specimen with at least 8 visible cells of Thalassiosira sp. (the major bloom spe cies in July) within its body is presented in Fig. 3r . Table 9 . Instantaneous coefficients of phytoplankton growth rates (k, d_1) and population mortality (g, d"1) due to microzooplankton grazing in the Lower St. Lawrence Estuary in July 1992. Coefficients of determination (r2) for all regression analyses are listed, k and g were determined from the dilution technique (Landry & Hassett 1982, cf. 'Methods') . Per individ ual clearance rates (CR, pi t r 1) were estimated by dividing the estimate of the grazing rates (g) by the density of microzoo plankton determined from microscopical counts. '0.01 £ p < 0.001; ns: not significant dSeawater dilution experiments were conducted at the depth of chi a maximum of the survey stations. At Stn 6, an additional experiment was earned out with bottom water (70 m) bPrescreened samples correspond to <160 pm screened seawater using Nitex netting
The results of 9 dilution experiments estimating phytoplankton growth and microzooplankton grazing coefficients are presented in Table 9 . As the coeffi cients measured in unscreened water from the subsur face chi a maximum at Stns 3 (20 m) and 4 (10 m), and from the deep water at Stn 6 (70 m) were not statisti cally significant (r2 < 5%, p > 0.05), they are excluded from comparisons. In unscreened samples from the subsurface chi a maximum at Stns 1 (12 m), 2 (10 m), 5 (10 m), and 6 (5 m), growth coefficients for phytoplank ton ranged from 0.04 to 0.13 d_1 (mean ± SD = 0.09 ± 0.04 d"1). Microzooplankton grazing coefficients and per grazer clearance rates in these samples averaged 0.05 ± 0.03 d~l and 0.81 ± 0.87 pi ind.-1 h_1, respec tively. The ratios of grazing rates to phytoplankton growth rates ranged from 0.25 to 0.70 (mean = 0.54 ± 0 .2 1).
Interestingly, in individual prescreened samples (<160 pm) from the subsurface chi a maximum at Stns 1 and 5, these ratios increased to 0.89 and 0.86, respectively, because of microzooplankton grazing level increase in screened samples. Indeed, microzoo plankton grazing rates were substantially higher in screened than in unscreened samples (1.6-and 1.3-fold for Stns 1 and 5, respectively) while phytoplankton growth coefficients were quite similar for both types of samples. Similarly, specific clearance rates in screened samples at Stns 1 and 5 were both 1.4-fold higher than in unscreened samples ( Table 9 ). The numbers of micrograzers in unscreened and screened samples (data not shown) were quite similar, prior to incuba tions at both stations (ratio unscreened:prescreened samples = 0.99).
DISCUSSION
During this study, abundance and biomass of ciliates (CilA, CilC) and bacteria (BactA, BactC) (Table 3) fell within the range of summer values recently published for ciliate (0.4 to 18 x IO3 cells I"1, 1.3 to 69.4 pg C T1; Dolan 1991a , Pilling et al. 1992 ) and bacterial (10® to IO9 cells I"1, 5 to 300 pgC T 1; Ducklow & Carlson 1992 , Simon et al. 1992 ) concentrations in productive coastal waters. Chi a concentrations in the LSLE (Table 3) are similar to values reported for the southern Kattegat, Denmark (<20 pg I-1; ), but lower than in the Delaware Estuary (USA) (1.1 to 81.7 pg I-1; Hoch & Kirchman 1993) . Although biologi cal variables peaked in the surface water in June and July (Table 4 , Fig. 4 ) when temperature and stratifica tion index of the water column were at their highest levels (Fig. 2) , phytoplankton populations seemed to behave differently from ciliate and bacterial popula tions, relative to the seasonal evolution of the LSLE.
Indeed, integrated chi a and the derived phytoplank ton carbon biomass (PhytoC; Table 2) were not signifi cantly correlated to the mean water-column tempera ture, while integrated bacterial and ciliate abundances and biomasses were (Table 5) .
Our study confirms previous investigations demon strating a weak relationship between temperature and phytoplankton dynamics, and the short summer grow ing season of phytoplankton in the LSLE (Sinclair 1978 , Levasseur et al. 1984 . Although temperature may set the conditions for optimal metabolic activity of algae in the LSLE, phytoplankton populations mainly respond to these changes in water temperature by a shift or a succession in species composition (Levasseur et al. 1984) . The bloom in the LSLE occurs about 2 mo later than in adjacent regions, because of the high freshwa ter discharge which prevents the spring accumulation of phytoplankton (Malone 1977 , Sinclair et al. 1981 . In addition, the spring freshwater runoff in the LSLE is also known to decrease eddy exchange between sur face and deeper waters (due to strong stratification), a situation which contributes to prevention of the seed ing of surface waters with phytoplankton cells (Lev asseur et al. 1984 , Therriault & Levasseur 1985 . Limit ing effects of the freshwater runoff in spring are actually considered as the mam factor explaining why the mean annual primary production rate in the LSLE (ca 104 g C m"2 yr"1 for the whole LSLE and ca 130 g C m"2 y r'1 for the plume region under study) is up to about 5-fold lower than in similar ecosystems (e.g. Therriault et al. 1990, and comparative Table in Ther riault & Levasseur 1985) . Ammonium was abundant during our study (0.01 to 1.6 pM, mean = 0.4 pM), sug gesting that the phytoplankton in this study was not nutrient limited. Although the concentration of inor ganic nutrients (nitrate and silicate) decreased with phytoplankton production and biomass during the growing season, a 2 yr study in the LSLE has shown that nutrients are generally abundant and non-limiting throughout the year in this milieu (Levasseur et al. 1984) .
Although heterotrophic flagellates (primarily dinoflagellates, which can at times be responsible for a sub stantial part of the herbivory in the plankton or serve as alternate food resources for ciliates; Hansen 1991 , Lessard 1991 , Verity et al. 1993a , Neuer & Cowles 1994 were not taken into account during our routine counts, we suggest that herbivory by microzooplank ton may represent an important factor for the control of the seasonal abundance of phytoplankton in the LSLE. This may lead to an enhancement of the trophic trans fer from the dominant small-sized algae to higher trophic levels, which can help explain the prevalence of large-sized copepods and euphausiids (Runge & Simard 1990 ) as well as the high abundance and diver sity of fish larvae (De Lafontaine 1990) in this environ ment. The potential role of microzooplankton as trophic links in the LSLE is supported here by several observations from field data (see 1 below), direct observations (see 2), and dilution experiments (see 3):
(1) Path analysis used in this study to measure the importance of direct links between mean water-col umn temperature and integrated BactC, CilC, and PhytoC showed that the highest path coefficient (0.87, p < 0.001) was from PhytoC to CilC, while the path coefficient from CilC to BactC was not significant (Fig. 6 ). This indicates that the phytoplankton -> micro zooplankton trophic pathway may be prevalent over others (such as bacterivory pathway) in the microbial food chain of the LSLE. However, the absence of a sig nificant path coefficient from CilC to BactC could be an outcome of the paucity of data on heterotrophic fla gellate seasonal biomass during this study. For exam ple, ciliates may not directly take up bacteria, but they are hypothesized to rely on bacterivorous flagellates as a food resource (Sherr & Sherr 1984) . Ducklow & Carlson (1992) suggested that a bacterial-phytoplankton linear relationship that exhibits a positive slope of <1 is indicative of grazing limitation of bacterial populations. This was not the case in this study, where the functional slope (model II) of the regression line for PhytoC versus BactC was about 1. In contrast, the functional slope of the regression line for PhytoC versus CilC was less than 1 (Table 7) , suggest ing (by analogy) that the top-down pressure (i.e. pre dation) on ciliates was higher than on bacteria. These comparisons imply that the energy transfer from graz ing on herbivorous micrograzers probably prevailed over that from bacterivory in the LSLE.
BactOPhytoC and CilOPhytoC ratios increased with decreasing PhytoC in the LSLE (Fig. 5) , which is a gen eral feature in ecosystems covering oligotropha and eutrophic situations such as Lake Constance (Geller et al. 1991) or in different ecosystems of varying trophic state (e.g. Simon et al. 1992) . The above patterns gen erally emphasize different aspects of the structure of pelagic food webs, e.g. the increasing dominance of microorganisms and the microbial loop with increasing oligotrophy. However, at similar PhytoC levels, the loglog relationship between BactC;PhytoC ratios and Phy toC in the LSLE exhibited higher ratios in June and July than in May and September (Fig. 5B) . This implies an accumulation of bacterial biomass during the phyto plankton summer growing season in the LSLE, probably because of the low level of bacterial loss processes such as bacterivory, as indicated by the slope of the relation ship PhytoC versus BactC (see the above paragraph).
This was further supported by the substantial mean contributions of BactC to PhytoC (35%) and POC (17 %), although bacterial growth rates and bacterivory were not measured during this study. In contrast, CilC averaged 22, 8 and 4% of BactC, PhytoC and POC, respectively. These relative contributions seem low, compared to other aquatic systems, probably because of the above-mentioned higher predation pressure on ciliates. During large-size diatom (M elosira italica subsp. subarctica) or cyanobacterium (Oscillatoria rubescen s) blooms in nutrient-rich lakes, we recently reported higher mean contributions of ciliates to bac terial (>50%) and phytoplankton carbon biomass (>10%), and lower mean contribution of bacteria (<25 %) to phytoplankton carbon biomass (Amblard et al. 1993 (Amblard et al. , 1994 . Comparison of CilC and BactC contri butions to POC is much more difficult, because we found traditional measurements of POC retained on combusted GF/F filters (-0.7 pm porosity) to underesti mate the C composition of planktonic particles. These measurements usually miss half or more of the bacteria (Fuhrman et al. 1989 ) (many of which were <0.5 pm diameter in our samples), and probably many of the fragile ciliated protozoa, which usually explode in the open air or on contact with rough filters such as GF/F filters (Sime-Ngando et al. 1990 ). This may explain why BactC, CilC and PhytoC together represented >100% of POC in June (Table 8) .
The above comparisons of (1) the importance of CilC and BactC in relation to other components of the LSLE trophic structure and (2) the slopes of the regression lines PhytoC versus BactC and PhytoC versus CilC also suggest that, as PhytoC increases, an increasing pro portion of the derived substrate moves into the BactC relative to that into the CilC. However, ciliates seem able to respond more rapidly to phytoplankton varia tions than bacteria, as shown from 2 lines of evidence. Firstly, the linear Pearson correlation coefficient and the path coefficient between PhytoC and CilC were substantially higher than those between PhytoC and BactC (Table 5, Fig. 6 ). Secondly, the above-mentioned patterns of decreasing PhytoC with increasing CilC: PhytoC and BactC:PhytoC ratios (Fig. 5) exhibited a PhytoC level corresponding to the maximum CilC: PhytoC ratio which was about 2-fold higher than that corresponding to the maximum BactC:PhytoC ratio. This indicates that at high phytoplankton standing stock, the LSLE may potentially support more ciliate biomass available for predation than bacterial biomass subject to accumulation.
(2) During this study, ciliated protozoan populations were dominated by individuals with sizes of up to 15-fold larger than that of the blooming diatoms (Fig. 3) , which is close to the predator-to-prey average size ratio of 8:1 for pelagic ciliates (Hansen et al. 1994 ) and of about 14:1 for planktonic ecosystems in general (Sheldon et al. 1977) . Microscopical direct observa tions further revealed phagotrophic protozoa with up to 10 ingested bloom-forming diatom cells in their body (Fig. 3r) . Such direct observations strongly sup port our main hypothesis that large microzooplankton are actively preying on small blooming diatoms such as Chaetoceros spp. and S keletonem a sp. in June or S keletonem a sp. and Thalassiosira sp. in July, and that this may be one of the key mechanisms by which pro tozoan Zooplankton affect phytoplankton growth, and subsequently mediate energy transfer from the micro bial food web to the higher trophic levels in the LSLE.
(3) Finally, seawater dilution experiments conducted in July 1992 at the level of the chi a maximum indicate that microzooplankton may have an important grazing impact on phytoplankton production in the LSLE, and may constitute a target food source for metazoan Zoo plankton. However, our estimates of microzooplankton grazing impact on phytoplankton are probably biased because (1) all potential consumers of chi a containing organisms (such as some <20 pm flagellates; cf. Sherr et al. 1991) were not taken into account; and (2) preda tion among members of the microzooplankton during incubation of plankton samples can be substantial (Verity et al. 1993b) .
At Stns 1, 2, 5, and 6, where significant coefficients were recorded (Table 9) , microzooplankton herbivory rate coefficients (range 0.01 to 0.09 d_1) and the esti mates of clearance rate per grazer (0,13 to 2.04 pi ind.-1 h"') for unscreened samples were in general compara ble to those reported from similar ecosystems. In coastal areas, the most frequent microzooplankton grazing rates estimated from the dilution technique ranged from 0.06 to 0.4 d"1 (Landry & Hassett 1982 , Burkill et al. 1987 , Gifford 1988 , Dolan 1991b , Neuer & Cowles 1994 . Landry & Hassett (1982) reported micro zooplankton specific clearance rates of 0.1 to 1.6 pi h"1 for coastal microzooplankton unscreened samples. However, specific clearance rates as high as 85 pi h '1 have been reported for coastal tintinnids (Heinbokel 1978 , Capriulo & Carpenter 1980 . Our specific clear ance rates also fell within the range of values (0.004 to 8.3 pi indri1 h '1) reported for coastal water hetero trophic protists feeding on fluorescently labeled algae (Sherr et al. 1991) . At the subsurface depth of chi a maximum, our phytoplankton growth rates (max. of 0.13 d"1; Table 9 ) in unscreened samples were about 1 order of magnitude lower than the predicted maximum of 0.98 d"1 for 8°C (close to our in situ temperature of between 4 and 7°C) and continuous light (Eppley 1972) . Neuer & Cowles (1994) recently reported higher phytoplankton growth rates (0.67 to 1.58 d"1) from dilu tion experiments in the Oregon (USA) coastal upwelling system, where phagotrophic protists (including cil iates, thecate and gymnodmoid dinoflagellates, and non-pigmented nanoflagellates) exhibited high her bivory rates (up to 0.6 d"1) during the late stages of the phytoplankton bloom. The above comparisons suggest that much of the subsurface chlorophyll during our study was probably not photosynthetically active due to limitation by irradiance. This was particularly appar ent at Stns 3 and 4 (close to the freshwater plume of the major rivers on the north shore of the LSLE; Fig. 1 , see also 'Methods') where the coefficients of the dilution experiments were not significantly different from zero (Table 9) , hence the exclusion of these stations from comparisons. Assuming steady state and that the phytoplankton growth rates were similar to those at ambient nutrient levels, microzooplankton grazing activity represented up to 70% (mean ± SD = 54 ± 21%) of the phytoplankton growth rates in the LSLE (Table 9) .
Dilution experiments were also conducted with separated unscreened and prescreened samples (<160 pm) from Stns 1 and 5. Microzooplankton graz ing rates, the per cell clearance rates, and the ratios of grazing to algal growth rates in prescreened samples were up to 1.6-fold higher than in unscreened samples (Table 9 ). Microzooplankton numbers in both types of samples were quite similar prior to incubations, imply ing no cell losses when prescreening raw samples. These results imply that metazoan Zooplankton in unscreened samples (represented mainly by calanoid copepods, ~102 ind. I"1) were able to substantially reduce (probably by their grazing activity) the grazing effort of herbivorous microzooplankton. The in situ metazoan predation on microzooplankton is probably more important than indicated here because the bottle sampling technique used in this study certainly does not quantitatively capture metazooplankton such as the dominant large-sized copepods. The above obser vation is consistent with the recent study by Ohman & Runge (1994) suggesting that heterotrophic micro plankton may be the main prey resource for net lipid synthesis and egg production for the dominant copepod (i.e. C alanus finm archicus) in the low-chlorophyll waters of the Gulf of St. Lawrence, in late June and early July.
In conclusion, this study provides evidence for the potential of microzooplankton assemblages as a trophic link between phytoplankton and metazoan Zooplankton in the LSLE, complementing other reports on the role of herbivorous protozoa as key intermedi ates in the functioning of pelagic ecosystems. The data presented here may help explain the apparent para dox of low annual algal production and large standing stock of metazoan Zooplankton in the LSLE. Further analysis of the seasonal patterns of phagotrophic flagellate biomass, bacterivory, microzooplankton growth rates, influence on nutrient regeneration rates, competition with metazoan herbivores, and the impor tance of predation, along with variations in physical environment, will provide a more complete under standing of the role of the microzooplankton compart ment in the St. Lawrence Estuary.
